Abstract. During recent years, great interest has grown within the operational weather community on the adaptable component of observational networks. Decisions regarding where to deploy new observations of special value under threatening weather, or regarding permanent changes in observational strategies need support from sensitivity studies that determine areas where the addition of observations would optimally improve the skill of numerical predictions. Within the context of the MEDEX project (http://medex.inm. uib.es), the sensitivities of a collection of severe weather episodes in the Mediterranean have been computed using the MM5 Adjoint Modeling system. Various approaches are explored trying to summarize the results for the diversity of cases that produce high impact weather (HIW; mainly heavy rain and strong winds) in the Mediterranean region. A first attempt uses an objective classification of the trajectories of the most intense cyclone types from the ERA-40 reanalyses. Sensitivities are then computed for each group of frequent trajectories, providing a prototype sensitivity field for each of the most frequent intense cyclones in the Mediterranean. However, a large portion of HIW episodes in the Mediterranean are not linked to significantly intense cyclones within the climatology. Consequently, a subjective classification of HIW events is also performed and the sensitivity fields for an example case is shown to complete the study. Although the sensitive areas for Mediterranean HIW are not particularly confined, it is remarkable how poorly sampled areas by the regular observing networks such as North Africa and the eastern North-Atlantic are highlighted in the results.
Introduction
Operational weather prediction centers are receiving increasing pressure from the public and the authorities to extend and improve the forecasts while reducing costs and increasCorrespondence to: V. Homar (victor.homar@uib.es) ing efficiency. The European community is strongly committed to accomplish this increased efficiency on the observational component of the weather forecasting process. The Network of European Meteorological Services Composite Observing System project (EUMETNET-EUCOS, http: //www.eumetnet.eu.org/conteucos.html) is appointed to optimize the composite observing system at European scale with a view to improve short range forecast over Europe without increasing significantly the overall cost. EUCOS recognizes the necessity to identify data sparse areas around Europe, and more specifically, the first objective of EUCOS high level design is to clearly identify the areas where an increased observation effort needs to be implemented in order to improve numerical weather predictions. To this end, the EU-COS programme established as a priority the generation of a climatology of forecast sensitivities. At European scale, in average, sensitivities of forecast errors over Europe are located mainly upstream of the westerlies, over the Northeastern Atlantic (Marseille and Bouttier, 2000) . However special interest exists in analysing the sensitivities of high impact weather (HIW) due to the larger associated benefits of potential forecast improvements. It is well known that the Mediterranean region is persistently affected by hazardous weather such as strong windstorms or heavy rains that produce extreme floods.
The Mediterranean experiment on cyclones that produce high impact weather in the Mediterranean (MEDEX, http://medex.inm.uib.es) is a project endorsed by theWorld Weather Research Program of the World Meteorological Organization that coordinates weather services and research institutions from most countries of the Mediterranean basin. MEDEX is designed to contribute to the basic understanding and short-range forecasting of HIW events in the Mediterranean, mainly heavy rain and strong winds. One milestone within this project is the calculation of sensitive areas where an increase in the number, quality or type of observation would improve the numerical prediction of HIW episodes. Table 1 ). The numbers in circles correspond to cyclones that achieve the maximum circulation within the genesis area and numbers connected to the region by a line indicate the number of cyclones reaching the area from that direction.
intense cyclones and later compute sensitivities of the associated HIW events, we divide the distribution shown in Fig. 1 into eight regions. Note that unlike the cyclones detected over the sea, the two maxima obtained over north Africa mostly represent large thermal lows that fit the criteria of circulation due to size but do not have high vorticity or strong winds associated with them. These cases will be ignored in this study. The eight regions, and the frequency of cyclones in each one are labeled in Table 1 . In order to consider some kind of physical mechanisms leading to the cyclone intensification within the boxes, the path of all cyclones for each region is analysed and a classification depending on the origin of the cyclone is performed. Bottom panel of Fig. 1 shows the number of detected cyclones for the most frequent classes for each of the eight regions.
Each of these classes correspond to a type of intense cyclone that we use as a proxy for HIW in the Mediterranean basin. At this point of the study, we compute the sensitivity fields for each class applying the analysis on a single episode belonging to the class. Although the criteria used to define the classes (common area of maximum circulation and common origin) do not guarantee homogeneity of sensitivities across the class members, and thus the representativity of Table 1 ). The numbers in circles correspond to cyclones that achieve the maximum circulation within the genesis area and numbers connected to the region by a line indicate the number of cyclones reaching the area from that direction.
Provided the common interest between EUCOS and MEDEX, collaboration and support between the two projects were established, and an agreement was formalized to build a climatology of short-range sensitive areas for HIW events in the Mediterranean. This paper presents the first steps towards the construction of the climatology of HIW sensitivities, with a discussion about the obstacles and difficulties found.
Methodology
In order to build the climatology of short-range sensitivities of high impact weather in the Mediterranean, a welldefined climatology of such events consistent across the region should be used as a starting point. As far as we know, the most recent effort to build such a climatology is being done within the MEDEX community. However, many difficulties have arisen during the data collection process. The climatology of Mediterranean HIW is currently a list of cases selected by the project members as important and representative of HIW in their region (http://medex.inm.uib.es/data/ Selection cases.htm). This list is not exhaustive and does not include systematic information, neither meteorological nor about the societal impacts, for all events. Thus, since a HIW database is not currently readily available, alternatives to systematize the identification of HIW are explored.
A natural approach is to use the strong link between HIW and intense cyclones. Although most of HIW events are linked to cyclones , not all of these cyclones are intense. However, intense cyclones are naturally associatted with HIW. In an attempt to identify most of the events that produce high impact in the Mediterranean, while admitting the inadequacy of the available HIW databases, we use intense cyclones as a proxy for HIW events. Indeed, a cyclones database has been developed under the MEDEX framework (publicly available at http://medex.inm.uib.es) and it is used here to identify characteristic intense cyclones that produce HIW across the Mediterranean. The cyclones catalogue is based on the Reanalysis fields from the European Center for Medium-Range Weather Forecast (ERA-40) and characterizes the size, position, intensity, depth and path of all sea-level pressure cyclones within a domain that covers the Mediterranean region (see Fig. 1 ). The detection and tracking algorithms as well as the characterization methods are described in detail in Picornell et al. (2001) and Campins et al. (2006) .
Intense cyclones in this study are selected as those cyclonic systems with a maximum circulation exceeding 7×10 7 m 2 s −1 and a lifetime of at least 24 h. The intensity is computed as an area integral of the geostrophic vorticity at 1000 hPa over the area around the cyclone's center with positive geostrophic vorticity.Over the 45 years period covered by the ERA-40 data (September 1957 to August 2002), 1359 intense cyclones were identified in the study domain which represents a mean frequency exceeding 30 intense cyclones per year. The upper panel in Fig. 1 clearly depicts the areas where the most intense cyclones are frequently detected in the Mediterranean. In an attempt to regionalize the intense cyclones and later compute sensitivities of the associated HIW events, we divide the distribution shown in Fig. 1 into eight regions. Note that unlike the cyclones detected over the sea, the two maxima obtained over north Africa mostly represent large thermal lows that fit the criteria of circulation due to size but do not have high vorticity or strong winds associated with them. These cases will be ignored in this study. The eight regions, and the frequency of cyclones in each one are labeled in Table 1 . In order to consider some kind of physical mechanisms leading to the cyclone intensification within the boxes, the path of all cyclones for each region is analysed and a classification depending on the origin of the cyclone is performed. Bottom panel of Fig. 1 shows the number of detected cyclones for the most frequent classes for each of the eight regions.
Each of these classes correspond to a type of intense cyclone that we use as a proxy for HIW in the Mediterranean basin. At this point of the study, we compute the sensitivity fields for each class applying the analysis on a single episode belonging to the class. Although the criteria used to define the classes (common area of maximum circulation and common origin) do not guarantee homogeneity of sensitivities across the class members, and thus the representativity of Classes 0 indicate cyclones with its origin over the same region where they achieve maximum circulation. The numbers next to the region name represent the total number of cyclones achieving its maximum circulation in that region. The numbers in parenthesis show the percentile frequency of that class within the region and with respect to all intense Mediterranean cyclones. The total number of intense cyclones detected for the 45 years period is 1359.
the results may not be significant for all classes, the sample of sensitivity fields presented here already shows illustrative features. For each class a single case is selected and the sensitivity fields are computed using the MM5 Adjoint modeling system (Zou et al., 1997 (Zou et al., , 1998 Errico (1997) for an introduction to adjoint techniques in numerical weather prediction). As a result, the gradients of the response function, defined at a forecast time, with respect to the model fields at an earlier time (usually the initial conditions time) are obtained:
Where t 0 is the initial conditions time, t f the forecast time when the response function (J) is defined. These fields inform about the changes in the forecast that will be obtained for a certain perturbation to the model fields, which is commonly referred to as the sensitivity of the forecast to the model fields. The selection of J is a key point in the construction of the climatology of sensitivities. Any sensible comparison between different sensitivity fields must be done using the same response function or a balance relation that links them. Since all episodes under this part of the study are connected to an intense cyclone, we define as response function the 48h forecast pressure field at the 3 lowest σ model levels over an area of 240x240 km 2 centered on the predicted cyclone minimum pressure. Note that the location of the predicted cyclone center may differ from the location of the cy- that hamper the applicability of the adjoint model (Vukićević and Errico, 1993) , we include explicit moisture terms in the adjoint model run for being most likely an influential factor in many Mediterranean HIW events that must be considered in the sensitivity calculations. For a more detailed description of the adjoint model and its application to a Mediterranean cyclone, see Homar and Stensrud (2004) . The adjoint model computes the gradients of the response function with respect to each model field on the initial conditions. A way of summarizing the results is to compute the vertical average of all sensitivities, which provides a perception of the most sensitive regions, ignoring all information about the sensitivity of the response function to different levels or fields and resulting in a field with non-physical units ([Pressure units]/["IC units"], Homar and Stensrud (2004) ). This vertical averaging is the standard product, hereafter referred to as sensitivity, used in this study to summarise the complete set of gradients for each case and help the comparison among different regions and classes. Using a catalog of intense cyclones as a proxy seems like a sensible way of systematizing the starting point of the climatology of sensitivities when no climatology of Mediterranean HIW per se is available. However, when comparing the annual distribution of intense cyclones and episodes of HIW, it is clear that this approach is missing many important events that occur in late summer and autumn (Fig. 2) . While most of intense cyclones are detected during winter, most of the cases reported to the MEDEX list occurred during late warm season. Consequently, an effort to classify the episodes available in the MEDEX list of selected cases has been done. Since no completeness of the list is guaranteed and the data available for each case is not homogeneous, the classification is necessarily subjective. Analysing each case individually, we divide all episodes in 4 classes depending on the regional origin of the feature responsible of the results may not be significant for all classes, the sample of sensitivity fields presented here already shows illustrative features.
For each class a single case is selected and the sensitivity fields are computed using the MM5 Adjoint modeling system (Zou et al., 1997 (Zou et al., , 1998 ). The adjoint model (L) is a tangent linear operator that traces the gradients vector of a response function (∇ x J ) with respect to the forward (standard nonlinear) model fields (x) back in time, along forward model trajectories in phase space (see Errico, 1997 , for an introduction to adjoint techniques in numerical weather prediction). As a result, the gradients of the response function, defined at a forecast time, with respect to the model fields at an earlier time (usually the initial conditions time) are obtained:
Where t 0 is the initial conditions time, t f the forecast time when the response function (J) is defined. These fields inform about the changes in the forecast that will be obtained for a certain perturbation to the model fields, which is commonly referred to as the sensitivity of the forecast to the model fields. The selection of J is a key point in the construction of the climatology of sensitivities. Any sensible comparison between different sensitivity fields must be done using the same response function or a balance relation that links them. Since all episodes under this part of the study are connected to an intense cyclone, we define as response function the 48h forecast pressure field at the 3 lowest σ model levels over an area of 240×240 km 2 centered on the predicted cyclone minimum pressure. Note that the location of the predicted cyclone center may differ from the location of the cyclone in the classifying database, thus bringing parts of the response function off the limits of the areas depicted in Fig. 1 . Although humidity involves highly nonlinear processes that hamper the applicability of the adjoint model (Vukićević and Errico, 1993), we include explicit moisture terms in the adjoint model run for being most likely an influential factor in many Mediterranean HIW events that must be considered in the sensitivity calculations. For a more detailed description of the adjoint model and its application to a Mediterranean cyclone, see Homar and Stensrud (2004) . The adjoint model computes the gradients of the response function with respect to each model field on the initial conditions. A way of summarizing the results is to compute the vertical average of all sensitivities, which provides a perception of the most sensitive regions, ignoring all information about the sensitivity of the response function to different levels or fields and resulting in a field with non-physical units ([Pressure units]/["IC units"], Homar and Stensrud, 2004) . This vertical averaging is the standard product, hereafter referred to as sensitivity, used in this study to summarise the complete set of gradients for each case and help the comparison among different regions and classes. Using a catalog of intense cyclones as a proxy seems like a sensible way of systematizing the starting point of the climatology of sensitivities when no climatology of Mediterranean HIW per se is available. However, when comparing the annual distribution of intense cyclones and episodes of HIW, it is clear that this approach is missing many important events that occur in late summer and autumn (Fig. 2) . While most of intense cyclones are detected during winter, most of the cases reported to the MEDEX list occurred during late warm season. Consequently, an effort to classify the episodes available in the MEDEX list of selected cases has been done. Since no completeness of the list is guaranteed and the data available for each case is not homogeneous, the classification is necessarily subjective. Analysing each case individually, we divide all episodes in 4 classes depending on the regional origin of the feature responsible of the HIW: Genoa, Cyprus, Algerian-Tunisian coast and East Iberia-Gulf of Lyon. The first two classes are episodes which are typically associated with intense cyclones and so are well represented by the previous approach. On the other hand, represented by the previous approach. On the other hand, most cases in the Algerian-Tunisian coast and East IberiaGulf of Lyon are connected to moderate or weak perturbations. These episodes need to be explored individually and summarizing results becomes a difficult task owing to the heterogeneity of mechanisms involved in different episodes. An example of this type of events is presented in section 3.2.
First sensitivity calculations

Intense cyclone events
Figures 3-10 show the sensitivities for single cases belonging to 8 frequent classes of intense cyclones in the Mediterranean. Note that the results for all regions and classes listed in Table 1 are not shown here. The complete set of results most cases in the Algerian-Tunisian coast and East IberiaGulf of Lyon are connected to moderate or weak perturbations. These episodes need to be explored individually and summarizing results becomes a difficult task owing to the heterogeneity of mechanisms involved in different episodes. An example of this type of events is presented in Sect. 3.2.
First sensitivity calculations
Intense cyclone events
Figures 3-10 show the sensitivities for single cases belonging to 8 frequent classes of intense cyclones in the Mediterranean. Note that the results for all regions and classes listed in Table 1 are not shown here. The complete set of results will be made publicly available through the MEDEX web page (http://medex.inm.uib.es). All figures show the location of the response function on the 48 h forecast sea-level
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Upper panel) Geopotential height (m, solid) and temperature shed) at 500 hPa for a case of the Adriatic reaching the reom the north (fields valid on 25 December 2001 at 12UTC). g shows the vertically averaged adjoint-computed sensitivds (darker colors show larger sensitivities). Lower panel: el pressure forecast by standard MM5 valid on 27 December t 12UTC. The area used to define the response function and ze the adjoint model is indicated with a square ented by the previous approach. On the other hand, ases in the Algerian-Tunisian coast and East Iberiaf Lyon are connected to moderate or weak perturbaThese episodes need to be explored individually and arizing results becomes a difficult task owing to the geneity of mechanisms involved in different episodes. ample of this type of events is presented in section 3.2. pressure field and the resulting sensitivity field on top of the geopotential and temperature initial conditions fields at 500 hPa.
For the sake of brevity, only general notable aspects of the sensitivity fields will be discussed. Details for each class are likely particular of the selected case instead of representative of the group and will not be described. A first common feature among all classes is the high sensitivity values obtained over areas with large horizontal gradients at mid-tropospheric fields on the precursor system. This common aspect indicates the tipically baroclinic character of the cyclogenesis conducive to intense cyclones in the Mediterranean, highlighting the mid-upper tropospheric precursor trough as the main contributor to the low-level cyclogenetic forcing and thus as determinant for the forecast details of the intense cyclone (Reiter, 1975) . The distance from the region of high sensitivities, where special observations would be deployed in a hypothetical targeting campaign, to the potentially hazardous weather region varies largely from case to case. The differences between Ae 0 and Cy W (Figs. 7 and  9 ) are illustrative. The Cy W cyclone is well formed at the beginning of the forecast period and remains quasi-stationary during the 48 h time span whereas the Ae 0 episode shows a fast evolution of the mid and upper-level system that leads to the Aegean intense cyclone 48 h in the forecast. As a result, the 48 h sensitivities for the Ae 0 are located far west, well over the North Atlantic and the sensitive areas for the Cy W remain in the neighbouring region, partially over north Africa.
Regarding tivity field of intense cyclones in the Mediterranean is produced. Each sensitivity field is weighted by the frequency of the intense cyclone class it represents (Table 1) . It is mandatory to bear in mind that this is just an experimental product that does not include at this stage of the research all classes in Table 1 but just the most frequent types of intense cyclones shown in Figs. 3-10 . The resulting mean field is shown as an example of the kind of products that can be obtained from a climatology of sensitivities, which can guide decision-makers in defining new observational strategies in an informed cost/loss basis. Figure 11 depicts this field, highlighting four main regions of 48 h-sensitivity of intense cyclones forecasts within the reference domain: east North Atlantic, central and eastern Europe, Eastern Mediterranean and Western Mediterranean with north African lands. Small scale features in Fig. 11 are just an artifact of the reduced sample size used to compute the weighted mean, and thus irrelevant. Focusing on areas with poor in situ measurements, this result highlights primarily the east North Atlantic as the area where upper-air disturbances penetrate the continent and are eventually conducive to intense cyclones that produce HIW in the Mediterranean region. Also the Mediter- Fig. 6 . Same as in Fig. 3 for a Fig. 3 for a Besides the geographical distribution of the sensitivity fields, a measure of the amount of sensitivity shown by a response function gives a measure of the predictability of the episode with this numerical configuration. Under the hypothesis that the sensitivities derived from the adjoint are reliable, the larger the sensitivity values, the lower the predictability of the response function since small perturbations to the initial conditions will produce larger variations in the forecast field. Again, since the same response function is used for all experiments, the resulting fields are consistent and the comparison among them is relevant. The root mean square of the vertically averaged sensitivity field is chosen as a gross measure of the magnitude of the sensitivity shown by each episode (Fig. 12) . The episode representative of the Ae 0 class shows very high values which can be interpreted as the very limited predictability of the sea level pressure 48h in the forecast over the box defining the response function (Fig. 7 , lower panel) under a fast progressing upper-level trough. Indeed, slight changes in the shape and intensity of the gradients of the mass and wind fields during the progression of the system will vary the wave velocity and thus change dramatically the forecast (and so the response function). On the other hand, the Cy W class show much higher predictability under this forecast framework due to the stationary conditions of the deep cyclone during the standard 48 h forecast time span. Thus, the model forecast will not be dramatically altered under small perturbations to the initial conditions. Results such as those obtained for the Ad N class are more difficult to interpret, because it has many similarities with the Ae 0 results, although the orography might have played a more determinant role on the cyclogenesis and intensification of the cyclone, thus favouring the stability of the forecast (i.e., increasing the predictability). 
Non-Intense cyclone events
In Sect. 2 we discussed the difficulties that hamper the generation of an exhaustive climatology of sensitivities of HIW in the Mediterranean. The cases not connected to an intense cyclone are not considered at all in the approach presented in the previous section. Since no systematic climatology of HIW is available, the variety of HIW impede the task of homogenizing the sensitivity calculations and so a case by case analysis needs to be done. A clear example of the difficulty is the selection of a common response function. While in the previous section the response function was selected according to the classification process (i.e. the presence of an intense cyclone in the forecast was guaranteed), a much larger diversity of possible dynamical features linked to the HIW are found in the MEDEX list of selected cases. An example of one case with no intense cyclone associated with it is presented in Fig. 13 . For this episode, 24 h-accumulated precipitation exceeding 200 mm were registered in parts of Catalonia (eastern Spain) and instead of a deep mature cyclone, a low-level jet impinging towards the region is forecast by the model. Accordingly, we define the For the sake of brevity, only general notable aspects of the sensitivity fields will be discussed. Details for each class are likely particular of the selected case instead of representative of the group and will not be described. A first common feature among all classes is the high sensitivity values obtained over areas with large horizontal gradients at mid-tropospheric fields on the precursor system. This common aspect indicates the tipically baroclinic character of the cyclogenesis conducive to intense cyclones in the Mediterranean, highlighting the mid-upper tropospheric precursor trough as the main contributor to the low-level cyclogenetic forcing and thus as determinant for the forecast details of the intense cyclone (Reiter, 1975) . The distance from the region of high sensitivities, where special observations would be deployed in a hypothetical targeting campaign, to the potentially hazardous weather region varies largely from case to case. The differences between Ae 0 and Cy W (Figs. 7 and  9 ) are illustrative. The Cy W cyclone is well formed at the beginning of the forecast period and remains quasi-stationary during the 48h time span whereas the Ae 0 episode shows a fast evolution of the mid and upper-level system that leads response function for this episode as the v component of the wind over the area highlighted in the lower panel of Fig. 13 . The sensitivity field is also computed with the adjoint model, and show similar features to the sensitivities presented in the previous section, but no further calculations among multiple cases can be done owing to the heterogeneity of the response functions needed to adequately represent the features influential on the generation of HIW for each particular episode.
Conclusions
This paper presents the first results of an attempt to build a climatology of sensitivities of high impact weather in the Mediterranean. The research is framed within an agreement between the EUMETNET-EUCOS and MEDEX projects that identified a common interest in determining areas where an increased effort in improving observations would most efficiently improve the forecast of severe weather in the Mediterranean. Due to the lack of a consistent climatology of HIW episodes with uniform and systematically collected data, we explore different approaches to build the climatology of sensitivities. A first test takes into account the connection between Mediterranean HIW and cyclones, and makes use of a catalogue of cyclones readily available from the MEDEX project. We use the most intense cyclones in the database as a proxy for HIW. The subset of intense cyclones are classified by regions and directions of origin. Then, the adjoint model is used to compute sensitivities for each class, resulting in a collection of sensitivity fields representative of prototype HIW in the Mediterranean. The preliminary results highlight typical sparse data collection areas such as the north Atlantic, the Mediterranean basin and north Africa as determinant for the forecast of HIW in the Mediterranean. Areas that are regularly well sampled, such as the European continent, are also highlighted but significant improvements derived from additional observational efforts over these areas are very unlikely. It is well known that the North Atlantic is important for the general weather forecast over Europe, if not for anything else a collection of sensitivity fields representative of prototype HIW in the Mediterranean. The preliminary results highlight typical sparse data collection areas such as the north Atlantic, the Mediterranean basin and north Africa as determinant for the forecast of HIW in the Mediterranean. Areas that are regularly well sampled, such as the European continent, are also highlighted but significant improvements derived from additional observational efforts over these areas are very unlikely. It is well known that the North Atlantic is important for the general weather forecast over Europe, if not for anything else just for being upstream in the synoptic storm track. Thus, this area is likely going to be a focus point in future plans for modification of the current in situ observational strategies. However, should these results be confirmed by the ongoing research, special attention must be put on the Mediterranean basin and the north African countries in order to systematically improve the forecasts of high impact weather in the Mediterranean. just for being upstream in the synoptic storm track. Thus, this area is likely going to be a focus point in future plans for modification of the current in situ observational strategies. However, should these results be confirmed by the ongoing research, special attention must be put on the Mediterranean basin and the north African countries in order to systematically improve the forecasts of high impact weather in the Mediterranean.
In the future, we expect more significant results by making the intense cyclones classification in a more objective way. For instance, the use of clustering techniques may produce groups of episodes with similar evolution of the synoptic pattern, which would lead to more class-representative sensitivity fields. The consistency of results within a cyclone class should also be verified. Regarding the episodes not linked to an intense cyclone, some progress could be made by finding a common response function that allows to quantitatively compare and perform inter-episode calculations with the resulting sensitivity fields.
